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Observation of lattice thermal waves by the Blinking in photoluminescence of InGaN
Quantum Well devices
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Yokohama City University, Seto, Kanazawa-ku, Yokohama 236-0027, Japan
The photoluminescence of III-V wide band-gap semiconductors as InGaN is characterized by
local intensity fluctuations, known as ’blinking points’, that despite decades of research are not yet
completely understood. In this letter we report experimental data and a theoretical interpretation
that suggests they are caused by the interference of thermal vibrations of the Quantum Well lattice.
With far-field optical tests we could observe the lower frequency tail of these interference waves and
study their dynamics as they propagate up to distances of several tens of microns.
INTRODUCTION
The phenomenon called ’photoluminescence blinking’
have been observed in confined structures, as for exam-
ple in semiconductors nanocrystals [1]. Because of the
local nature of these systems, the theoretical treatment
can be zero-dimensional (considering only time-energy
dependence in one point). The blinking process results to
be related to temporary quenching of photoluminescence
due to highly efficient non-radiative recombination pro-
cesses as for example Auger effect or other non-radiative
processes[2]. Nevertheless, in InGaN devices the band
structure is an infinitely wide quantum well, so a zero-
dimensional model is insufficient, the understanding of
the blinking phenomenon remains elusive [3–6].
FIG. 1. An exaggerated scheme in which the Wurtzite struc-
ture is stretched along the crystal growth direction Z (left)
and the corresponding Energy density diagram (right). The
mechanical stress along the line of adjacent atoms indicated
by the line, is represented by the tension To shown in two ar-
bitrary points tangent with the deformation line with angles
α and β. The deformation along the Z axis modifies the over-
lap of electron-hole wave functions, this results in observable
photo-luminescence variations, see text for details.
In this letter we present experimental data and a wave
model interpretation that suggests that the discussed op-
tical fluctuations are a general phenomena caused by
the interference of thermal vibrational waves that spread
along the Quantum Well. Vibration alters the over-
lap integral, strongly displaced by piezoelectric fields
in InxGa(1−x)N materials, and this affects the recombi-
nation rate inducing photoluminescence (PL) blinking.
This idea is maybe difficult to grasp because thermally
induced vibrations are supposed to be incoherent and of
very high frequency, whereas PL blinking looks like a
slow phenomenon that shows some sort of regularity.
However, in confined regions, atomic composition and
mechanical properties are indeed homogeneous, giving
rise to THz range vibrations with limited frequency
spread and a certain degree of coherence. In correspon-
dence of dislocations or impurities, mechanical properties
of adjacent domains differ slightly, and vibrational inter-
ferences are generated. These interferences, simply called
beats, have a broad frequency distribution centred around
the frequency difference of the interacting oscillations.
The lower frequency tail of this interference pattern is
what it is observable as photoluminescence blinking.
We could confirm the thermal nature of the phe-
nomenon with low temperature investigations. Moreover,
using a simple far field correlation methodology we could
observe the propagation and spread of PL beats along
the quantum well area up to distances of several tens of
microns.
THEORETICAL INSIGHTS
In a Quantum Well structured semiconductor as
InxGa(1−x)N , the photoluminescence intensity is regu-
lated by the matrix element that mediate the electron-
density and hole-density wave function in the vicinity of
the well [7, 8]. The spatial overlap of these two func-
tion is proportional to the recombination rate, and the
latter results in more intense or weaker observable pho-
toluminescence. The difference of inter-atomic distances
(lattice mismatch) between the doped and non-doped re-
gions causes piezo-electric stresses that distort the energy
bands. This is resulting in diminished wave functions
overlap and lower recombination rates due to quantum
confined stark effect (QCSE)[9, 10].
The Wurtzite InGaN quatum well is treated as a two-
dimensional system subject to a stress along the direc-
tion xz; because of spontaneous thermal vibration[11],
this stress is subject to very small oscillations that alters
2energy band structure (see the sketch in fig. 1).
The tension exerted on the line of adjacent atoms is
indicated by To, x is a direction in the plane of the Quan-
tumWell and z is the crystal growth vertical axis. We are
interested only in displacements along z that are those
that influence the matrix elements relative to the recom-
bination rate. We derive the expression for the forces
projected over the z axis
ρdxZ¨ = Tosin(α)− Tosin(β) (1)
where dx is a small displacement along the well, Z is the
vertical displacement about the rest position and ρ is a
parameter proportional to the local linear mass density.
This approach leads to the general differential expression
of a wave oscillating along the crystal growth axis.
d2Z(x, t)
dt2
=
To
ρ
d2Z(x, t)
dx2
−
β
ρ
dZ(x, t)
dt
−
γ
ρ
Z(x, t) (2)
For generality frictional (β) and restoring (γ) param-
eters are also included. In this classical approximation,
we can say that influence of far away atoms is dumped
by friction, hence the local solution is a wave of the form
sin(ωt−kx), where ω is related to To and ρ by
To
ρ ≈ (
ω
k ).
Elastic mechanical oscillations can interact quasi-
coherently in the confined scales, with the term quasi-
coherent we mean that the waves have phase relation in
confined ranges, but this relation is lost over longer dis-
tances.
Since the phenomenon is driven by spontaneous forces,
frequencies are in the order of 1000 cm−1 (about 10THz)
as shown in Raman studies and related literature [12–
15]. Nevertheless, the observed blinking has components
at few seconds range[5]. One may ask: how it is possible
that the observed slow optical oscillations are induced
by such higher frequencies? To answer this, we have to
consider that vibrations are localized in a real, non-ideal,
crystal system with different Indium concentration, dis-
locations and impurities that alter the overall vibrational
modes.
In a classic interpretation, this implies that the fre-
quency of oscillation ω, is in reality a spectrum of dis-
tributed values that depends on coordinates on the crys-
tal plane ω(x, y). The mechanical interference of differ-
ent distributed frequencies results in a wide band of lower
frequencies beatings. The beating will be centred aroung
δω = ω1 − ω2, where ω1 and ω2 are the center frequen-
cies of the vibration spectrum relative to two putative
adjacent domains. Since mass distribution changes are
subtle, δω can have tails extremely small compared to
the original pulsation ω.
We observe optical fluctuations of about 10% 20%
at maximum, experimentation on InxGa(1−x)N devices
shows that the quantum well thickness dependence on
the intrinsic radiative lifetime is of about 1 order of mag-
nitude per nanometer [16, 17]. Supposing that the PL
oscillation are solely due to this phenomenon, then the
greatest spatial displacement along the growth direction
is in the range of 0.1 nanometers, a value compatible with
the GaN crystal structure.
THERMAL BEHAVIOUR
To prove the mechanical nature of the blinking we
study its dependence with temperature. We assume a
Boltzmann statistic for the thermal oscillations and we
want to verify if the observed photo-luminescence follows
the same statistic with temperature.
In a solid we use as potential energy the expression
P.E. = − 12
Y S
Lo
x2, where Y is the Young modulus, S
the surface involved in the oscillation, L0 its rest po-
sition and x the displacement from it. Assuming a
Boltzmann distribution n = n0e
−P.E./kT , fixing a dis-
placement one tenth of the maximum calculated above,
x = 0.01 nanometer and using InGaN Young modulus
of 350 GPa[18], we can derive the potential dependence
in a range of temperatures used in the tests (table I and
figure 2).
T pmn pmx δ
(◦ K) (a.u.) (a.u.) (a.u.)
200 1.99 1.54 0.44
230 4.49 3.6 0.88
250 6.92 5.65 1.27
270 10.0 8.29 1.71
280 11.7 9.83 1.95
290 13.7 11.5 2.20
TABLE I. Table of the predicted thermal behaviour of the
system at a set of temperatures according to a Boltzmann
statistic. The higher and lower probability values pmx, pmn
represent a band of ±2% in temperature and δ is the spread.
The increased intensity and the spread of luminosity at higher
temperatures is expected and confirmed experimentally (fig
2, 3). The elastic potential is calculated using the Young
modulus Y = 350GPa, for simplicity S = 1nm2,L0 = 1nm
and the displacement from the rest position as x = 0.01 nm,
see text for details.
This expected behaviour was confirmed very straight-
forward tests. A vacuum low temperature chamber was
used to observe the blinking at different temperatures
ranging from 290 down to 200 Kelvin. For lower temper-
atures not only the average luminosity slightly reduces,
but also the variations become less prominent (less blink-
ing) accordingly to thermal model. In figure 2 the raw
data are plotted against time, Figure 3 shows the lumi-
nosity distribution histograms at various temperatures.
The spread and reduced luminosity of the blinking points
predicted is evident.
3FIG. 2. The blinking behaviour of a single blinking point at
different temperatures.The blinking become less prominent at
lower temperature, with a trend compatible with the thermal
vibration beating wave hypothesis.
FIG. 3. Using each temperature of the data in fig. 2, five
histograms are plotted. Increased intensity, and the spread of
luminosity at higher temperatures is confirmed in accordance
to a vibrational Boltzmann statistic.
OBSERVATION OF PROPAGATING WAVES
We were able to directly detect the horizontal prop-
agation of these interference waves alongside the quan-
tum well. A CCD camera was mounted on a Olympus
BX51-W1 microscope to record the photoluminescence
on a wide area of the sample. Firstly, we choose a dom-
inant blinking ”target” point in the recorded area, then
we analysed the time-correlation of every other pixel to
this point. The analysis was done in a time span of 120
seconds. In figure 4 we show the correlation coefficient
map referred to a blinking point located at (10,30). The
map in panel A show that regions adjacent to the tar-
get have an optical dynamics that is correlated to that
point, whereas far away points have a more independent
dynamics. This behaviour is expected.
FIG. 4. The cross-correlation coefficient map to the point
located in (10,30) for two different time lags. The blinking
behaviour of this single point is correlated with the rest of the
map at different times (panel A simultaneously, panel B with
a delay equal to 9 frames, about 270 msec). The correlation
coefficient decreases in the origin and increases and expands
at greater distance with time, suggesting that the ”beating”
wave is propagating. Correlation values higher than 0.3 have
same color for clearer visualization of the expansion of the
beating wave. Every pixel is about 1 micrometer.
However, when we increase the time lag in the corre-
lation analysis, we observe that as the correlation dimin-
ishes in the vicinity of the target as expected, also regions
relatively distant from the center of blinking appear to
increase in correlation. If we proceed to increase the lag
shift, areas of increased correlation expand further, see
area around (10,10) in fig. 4 panel B. This behaviour
reveals how the expansion of mechanical beats located
on the target are diffusing away from it. The structure
and granularity of the correlation coefficient map, shows
changing mechanical and mechanical properties along the
lattices.
4CONCLUSIONS
We have realized a simple model and experimental
tests that suggest that the optical instabilities in InGaN
quantum wells are caused by mechanical beats of ther-
mal vibrations associated with the quantum well lattice.
These beats have been observed experimentally through
monitoring with CCD camera the photoluminescence and
making a time resolved correlation analysis. Furthermore
the thermal dependence of the phenomena is compared
with a Boltzmann distribution of an harmonic oscillating
lattice, resulting in good match and agreement with the
original hypothesis.
We believe that the understanding of the thermal na-
ture of the optical blinking in these devices is important
not only for the understanding of the fundamental phe-
nomena involved in the emission of InGaN materials, but
also it can be the basis for a new general methodology
of analysis of InGaN subtle local mechanical properties,
revealing with a very simple and pure optical method,
extremely small variation of doping concentration and
possibly other fine compositional or structural perturba-
tion in the crystal structure.
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